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Exclusive HS and HcSc production in collisions at y/s < 15 GeV 
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Estimates of differential cross sections and longitudinal asymmetries are presented for the reactions 
pp — >• HH and pp — >■ HcHc at energies -/s < 15 GeV. The H and He hyperons are assumed to be 
produced in two-step processes: first, intermediate AA and/or Ac Ac states are created which are 
converted afterwards into final states HH, HcHc and HcHc. The full amplitudes are described by loop 
diagrams within a modified Regge model, based on the topological decomposition of planar quark 
diagrams. A strong sensitivity of the ratio of yields of ScEc to EE and of AcAc to AA to the degree 
of SU(4) symmetry violation is found. 
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Open charm production will be one of the major topics 
of the hadron and heavy-ion programmes at the planned 
Facility for Anti-proton and Ion Research (FAIR) [l[. 
Charm spectroscopy will be addressed by the PANDA 
Collaboration [2| in reactions induced by anti-protons, 
while the CBM Collaboration Q will exploit charmed 
hadrons as probes of the nuclear medium at maximum 
compression in heavy-ion collisions. For both large-scale 
experiments at FAIR one needs to know the properties 
of charmed baryons as well as their production processes 
in elementary pp and pp reactions. The opportunities at 
FAIR^are promising. For instance, the PAX Collabora- 
tion [4] envisages the use of a polarized anti-proton beam. 
This offers the chance to study in depth the mechanism 
of open charm production at energies from the thresholds 
to yfs< 15 GeV. 

In [5| we have estimated the open charm production 
in the exclusive binary reactions pp — > Yc^c = A, E), 
pp — ^ DD and pp — >■ DD* at small momentum transfer. 
We developed a modified Regge type model, motivated 
by quark-gluon string dynamics [0]. Important ingredi- 
ents of the model [5| are the effective charmed meson and 
baryon exchange trajectories as well as the energy scale 
parameters. They are found from a consistent approach 
based on the topological decomposition and factoriza- 
tion of the corresponding planar quark diagrams. The 
coupling constants are taken to be the same as in corre- 
sponding strangeness production reactions, i.e. assuming 
SU(4) symmetry. Unknown residual functions are found 
from a comparison of pp — )■ AA and pp — AE reactions 
with available experimental data. As a result, the cor- 
responding cross sections in the energy range of future 
FAIR experiments are obtained. For other approaches to 
the AcAc production in pp collisions we refer the inter- 
ested reader to 0, Q • 

The aim of our present study is to extend the model ^] 
for studying the production of the doubly-strange baryon 
S (S*^ — (uss), S~ = {dss)) and the strange-charm 
baryon Sc (S+ — {use), E!° = (dsc)) in peripheral pp 
collisions. We assume that the S (Sc) hyperons are pro- 
duced in two-step processes, where the first step corre- 



sponds to the creation of intermediate AA (AcAc) states. 
The S (Sc) hyperons are produced then in a second step 
due to the final state interactions AA — SS, AA — ScSc 
and AcAc — > Sc^c for which we employ the same formal- 
ism which was used previously in for description of 
pp — >■ AA and pp — ^ AcAc reactions. To fix parameters 
we assume, for a benchmark calculation, the validity of 
SU(4) symmetry. However, since the probability of the 
reaction pp — ScSc is sensitive to the degree of SU(4) 
violation we analyze the dependence of the ratios of ScSc 
to EE and of AcAc to AA yields on a parameter which 
describes the degree of SU(4) symmetry violation. Fur- 
thermore, we evaluate the longitudinal asymmetry for 
pp — >■ EE and pp — >■ 2cSc reactions. 

The amplitudes of the EE and E!cSc production are de- 
scribed by the loop diagrams depicted in Fig. [T] (a) and 
(b), respectively. Intermediate A's or/and Ac's are pro- 
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FIG. 1: Loop diagrams for ^E (a) and Ec— c (b) production 
in peripheral pp collisions. 

duced in a first step. In principle, one has to include also 
diagrams with intermediate AE and EE configurations. 
However, their contributions are strongly suppressed due 
to SU(3) symmetry arguments 0], and, therefore, we skip 
them. The E and Ec hyperons are produced in a sec- 
ond step due to the final state interactions AA EE 
and AcAc, AA — >■ 2cSc. Since in the considered periph- 
eral reactions the momentum transfer is relatively small, 
the intermediate AA (AcAc) hyperons are almost on-shell. 
This fact allows one to approximate the total amplitudes 
of pp — > AA — > EE and pp — ^ AA, AcAc EcEc re- 
actions by contributions of the corresponding pole parts 
depicted in Fig. [2l The pole parts of the box diagram 
(right panel in Fig. [5]) are calculated in a straightforward 
manner by using Cutkosky cutting rules [H]. Thus, for 
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FIG. 2: Cut (pole) diagram for the reaction pp — > AA 



reaction pp — >■ SS one has 
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where Qa and fl\ are the three momentum and soHd 
angle of the intermediate A hyperon in the center-of- 
mass system (c.m.s.), respectively; the Mandelstam vari- 
able s denotes the square of the total energy, j^pp^aa 
and T^^^"" are the amplitudes of the pp — )• AA and 
A A — >• SS processes, respectively. The amplitude for 
pp — >■ ScSc reaction is similar, but here we have a coher- 
ent superposition of intermediate AA and AcAc in accor- 
dance with Fig. [T] (b). 

The partial amplitudes T^^-^^ ^ where the flavor 
content of spin-i baryons Y, Y' changes by one unit has 
been considered in [5| in a model based on the quark- 
gluon string dynamics 0. These amplitudes are de- 
scribed by planar quark diagrams. Examples for AA — >■ 
EE and AcAc EcEc are depicted in Fig. [3] (a) and 
(b), respectively. These amplitudes have the form of a 
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where 7 = 3.65 GeV""'^ is the universal parameter (i.e. 
the slope in the asymptotic region), and T 1 GeV^ 
is the scale parameter, being special for each trajectory. 
In the difFractive region with —t ^ T, the linear ap- 
proximation a{t) — a(0) -|- a't with a' ~ 'y/2^/T is 
valid. In our numerical calculations we employ ayit) 
with V = K*,D* and p, cj), J/i/; from 3, where the later 
three trajectories are used for the evaluation of the en- 
ergy scale parameters Syy.Y'Y' in Eq. ([2]). These pa- 
rameters are related to the corresponding scale parame- 
ters for the diagonal transitions YY — >■ YY (for Sy>y') 
and Y'Y' -> Y'Y' (for Sy'v)- Thus, for example, for 
AA — EcEc and AcAc — >■ 5cSc transitions: 

''AAiHcHc ~ *AA ''HcSc ' 

^ „ 2(q;^.(0)-1) Sa a ""'-^^''^ S~ = 

(Here and further on, we use the notation Ac = A^.) 
The scale parameters for the diagonal transitions Sab are 
determined by the sum of the transverse masses of the 

ria rtjy 

constituent quarks _^ as Sab — iYl M.n_){J2 Mj ^) with 



Mg I ~ 0.5 GeV, Ms± 



0.6 GeV, and Mc± ^ 1.6 GeV. 
This leads to the following values for the energy scale 
parameters: Spp:AA — 2.43 GeV^, Spp.A^A^ — 6.0 GeV^, 
SAA-^^ - 2.75 GeV2, s^a-^ ^ - 6.52 GeV^, and 
SA.A.:H.H, ^ 7.06 GeV2.^ 

The spin dependence in Eq. ^ is accumulated in the 
amplitude M which is determined by the symmetry of 
the VYY' interaction given by the effective Lagrangian 
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FIG. 3: Planar quark diagrams for AA — > HH (a) and AcA^ — > 
HcHc (b) transitions. 

Regge pole amplitude dominated by the vector meson 
{V ^K*,D*) exchange 
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where nii, mj, Ui and Uf are the spin projections of 
F, F', F, and Y\ respectively, av{t) is the effective V 
meson trajectory, gvYY' stands for the coupling con- 
stant of the VYY' interaction, and Sq = 1 GeV is a 
universal scale parameter. The overall residual func- 
tion C{t) depends solely on the Madelstam variable t 
and is determined [5| by a comparison with available 
experimental data of the pp — >■ AA reaction as C{t) = 
0.37/(1 15)2. The flavor content of the exchanged 
vector meson V is (g/) with q — u,d and f — s,c. 

In our consideration we use the nonlinear representa- 
tion for the meson trajectories developed in 10], 



a{t) = a{0) + 7(Vt - 



(3) 



where Y and Y' denote the baryons (nucleons and hy- 
perons) and V = K* , D* the vector meson fields, respec- 
tively; K is the tensor coupling strength. Using this form, 
one obtains the amplitude A4 in Eq. ([2|) 



where q is the momentum transfer in the VYY' vertex, 
q ~ py — py' , with py and py as four-momenta of the 
incoming Y and outgoing Y' baryons, respectively. The 
functions r*^^^^^^ read 



with K = KvYY' and u and v as usual bispinors. The 
normalization factor Af{s,t) eliminates additional s and 
t dependencies provided by the Dirac structure in Eq. (|4]) 
which is beyond the Regge parametrization: 
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For the K*YY' couphng constants, where Y and Y' 
belong to the SU(3) baryon octet we use the aver- 
age values of the Nijmegen potential [ll|: gx'NA = 
-5.18, KK'NY = 2.79, gK-As = -gx'NK and kk'A-e = 
1.03. For charmed hadrons we employ the following 
parametrization: gK'YaY' = go'YY^ = Xsxi[4:)gK'YY' , 
where the factor A^su(4) is a measure of the violation of 
the SU(4) symmetry for charmed hadrons; ^su(4) = 1 
means SU(4) symmetry. 

The differential cross section da/dt is related to the 
invariant amplitude Tfi by 



da 
It 
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IT: 



(5) 



where summing and averaging over the spin projection in 
initial and the final state is provided. We also evaluate 
the longitudinal double-spin asymmetry, defined as 



A = 



da^ — dcr^ 
da^ + da^ 



(6) 



where the symbols ^ and =t correspond to the anti- 
parallel and parallel spin projections of incoming p and 
p with respect to the quantization axis chosen along the 
proton momentum in the c.m.s. 

Our predictions for differential cross sections of pp — >■ 
S2 and pp — >■ ScSc reactions are exhibited in Fig. |4] in 
the left and right panels, respectively. For completeness 
we also show corresponding results for the cross sections 
of AA and AcAc production calculated using Eqs. ([5]) and 
The exhibited results are for SU(4) symmetry, i.e. 
-''^su(4) ~ 1- The cross sections are shown as a function 
of tmax — t, where the square of momentum transfer is 
t = {Pp- PyY with F = S, Sc, A, A^ and i^ax is the 
maximum value of t which corresponds to the hyperon 
production at zero angle relative to the momentum of 
the incoming proton in the c.m.s. In Fig. 2] (left panel) 
we show the sum of and S^S*^. Since the cross 

sections for the reactions pp — >■ and pp 'EP'EP 

are almost equal to each other, the corresponding par- 
tial contributions are approximately one half of the total 
cross section. The same is valid for S°S° and In 
Fig. m (right panel) we show the sum of their partial con- 
tributions, being almost equal to each other. One can 
see the exponential decrease of the cross sections. Their 
slope is defined by the Regge propagator (s/s;)^"^*^*^ , the 
residual function C{t) and the non-trivial angle depen- 
dence of integrand in Eq. ([1]) for SS (ScSc) which has a 
local maximum at i^A ~ f^s. 

In Fig. [4] (right panel) we show the separate individual 
contributions of the loop diagrams with intermediate AA 
and A+A+ configurations (see Fig. [T]b). The contribu- 
tion of the diagram with intermediate AA is suppressed 
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4: Left panel: Differential cross section of tlie reactions 
AA (solid curve) and sum of pp — > H~H~ and pp — ^ 
'EP'EP (dot-dashed curve) as a function of tmax — t for the 
initial momentum in the laboratory system pl = 6 GeV/c. 
The experimental data are taken from Ref. Right panel: 
Differential cross section of the reactions pp — >■ AcAc (solid 
curve) and sum of pp — >■ H°H° and pp — >■ (dot-dashed 
curve) as a function of tmax — t for the initial momentum Pl = 
15 GeV/c. The short dashed and dashed curves correspond to 
separate contributions of intermediate AA and A^A^ states 



(cf. Fig. 1 b). For X; 



SU(4) 



= 1. 



by a factor 4-6. In order to understand the reason of 
such a suppression, in Fig. [5] we present the differential 
cross sections of all YY — > Y'Y' processes participat- 
ing in the formation of ScSc. Qualitatively, the ratio of 
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FIG. 5: Differential cross sections of all considered YY — > 
Y'Y' processes contributing to the formation of HcHc as a 



function of tn 



t for PL ~ 15 GeV/c and X; 



SU(4) 



the cross section of ^c^c production with intermediate 
A+A+ and A A states at f ~ tmax would be proportional 

to [dcrPP^'^<=A<= X dcr'^<=A=^-<===]/[dcrPP-'^'^ X dcr'^'^^--<=] 

multiplied by the kinematical factor (Qa^/Qa)^ — 0.36 
at Pl = 15 GeV. Taking values of corresponding cross 
sections from Fig.lUone gets 0.36x [2.7x IQ-^x 103]/[2.3x 
10^^ x IQ-^] ~ 4.2, which is in agreement with results ex- 
hibited in Fig. [4] (right panel). 

In Fig. [6] (left panel) we show the ratio of yields of SS to 
AA for charmed and non-charmed hyperons as a function 
of imax — t at PL = 15 GcV/c. Ki t tmax tbis ratio 
for charmed hyperons is about an order of magnitude 
greater. The difference decreases with increasing values 
oi-t. 

In Fig. [5] (right panel) we show the ratio of the yields 
of ScSc to SS hyperons and of AcAj. to AA hyper- 
ons as a function of the SU(4) symmetry violation pa- 



rameter A'gu(4) 
t = 0.2 GeV^. 
pp - 



for the transferred momentum imax — 
The cross sections of pp — >■ ScSc and 



AcAc reactions scale with ATgyj-^j and X^-^j^^y 
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FIG. 6: Left panel: Ratio of yields of HcHc to A^Ac (dashed 
curve) and of HH to AA (solid curve) as a function of tmax — t 
for PL = 15 GeV/c. Right panel: Ratio of the yields of HcHc 
to 3H (solid curve) and of AcAc to AA (dot-dashed curve) 
as a function of the SU(4) violation parameter Xsu(4). For 
Wx-t = 0.2 GeV^. 



spectively. (Here we assume the dominant contribution 
in pp ScSc reaction with intermediate A^Ac state). 
Therefore, this ratio for SS hyperons increases much 
faster with X^u^^y 

Our result for the longitudinal symmetries is shown in 
Fig.[Zl First, let us remind that the longitudinal asymme- 
try for the one-step reactions (e.g. pp AA) is defined by 
the spin-conserving A(s) and spin-flip B(s) amplitudes as 
A = B'^{s)/{A'^{s) + B^{s)) [5]. At t = imax the spin-flip 
amplitude has a following form 



dot-dashed curves in Fig.[7]for SS and 5cSc yields. In all 
considered cases, the longitudinal asymmetries are large 
enough to be accessible experimentally. 

In summary we extend the model Q for studying the 
SS and ScS^ production in peripheral pp collisions. The 
S and Sc hyperons are assumed to be produced in two- 
step processes, where the first step corresponds to the 
intermediate AA (AcA^) production, and subsequently 
the S (Sc) hyperons are formed by the final state inter- 
actions AA — 7> SS, AA ScSc and AcAc — 2cSc for 
which we employ the same mechanism as for description 
oipp — >■ AA and pp -> AcAc reactions. We estimated the 
corresponding differential cross section and longitudinal 
asymmetries. For a benchmark calculation we assumed 
the validity of SU(4) symmetry. The pp — ScSc cross 
section is sensitive to the degree of the SU(4) symmetry 
violation which is quantified by the ratio of ScSc to SS 
as a ^function of the SU(4) violation parameter, Xsu(4)- 
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(7) 



where My and py denote the mass and three-momentum 
of outgoing hyperon, respectively. In case of My ~ Mp 
and py ~ Pp, i3(s) — T' and the longitudinal asymme- 
try vanishes (cf. solid curve in Fig. [7] (left panel)). The 
situation is different for the pp — )■ AcAc reaction, where 
B{s) is finite and large, B'^{s) A'^{s): the asymmetry 
goes to one as it is shown by solid curve in Fig. [7] (right 
panel). For the loop diagrams the spin- flip part does not 
vanish even for light hyperons because of the integration 
over dQ\ and sum over the spin projections in Eq. (fTj). 
This leads to a modification of asymmetries as shown by 



FIG. 7: Longitudinal asymmetry as a function of fmax — t. 
Left panel: pp — >■ AA (solid curve) and pp — > HH (dot- 
dashed curve) at PL = 6 GeV/c. Right panel: pp — > AcAc 
(solid curve), and pp HcHc (dot-dashed curve) for p^ = 
15 GeV/c. 



Such a ratio should be determined experimentally in or- 
der to fix this important parameter. 
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